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Brief (10 msec) increments, presented on a white adapting background, are known to elicit a 
spectral sensitivity function with a broad mid-spectral peak (King-Smith & Carden, 1976). We have 
found that a luminance decrement, presented as either a forward or backward mask, dramatically 
alters the form of the resultant sensitivity function: the broad mid-spectral peak is replaced by a 
color.opponent function with narrow peaks at 520 and 620 rim, Over the region of the spectrum 
where this change in shape occurs, there is a substantial reduction in sensitivity. We also lind that 
the mask is more effective when it precedes the stimmlus than when it follows it, and that the 
mashing can be characterized as a type A effect. The implications of these data for mechanisms of
saccadic suppression are discussed. Copyright © 1996 Elsevier Science Ltd. 
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INTRODUCTION 
In the course of determining increment spectral sensitiv- 
ity functions, we came upon an heretofore unreported 
masking phenomenon. Ten millisecond increments pre- 
sented on a moderately bright, white adapting back- 
ground are known to elicit a spectral sensitivity function 
with a broad peak in the mid-spectral region (King-Smith 
& C~rden, 1976). However, when these same increments 
were followed by a luminance decrement mask, the 
resultant spectral sensitivity function was substantially 
transformed. The mid-spectral broad peak was replaced 
by two narrower peaks at about 520 and 620 nm; this 
10 msec "masked function" had a form similar to a 
typical color-opponent increment spectral sensitivity 
function (Speding & Harwerth, 1971). 
The current study, which consists of three experiments, 
was undertaken to describe and characterize the new 
masking effect. Our initial observations--spectral sensi- 
tivity functions for 10 and 200 msee increments followed 
by a long duration, luminance decrement mask--are 
reported in Experiment 1. In Experiment 2, we determine 
if this masking effect can be obtained with a forward 
mask as well as with a backward mask. Finally, in 
Experiment 3 we determine if this masking is best 
characterized as a type A or type B masking effect 
(Breitmeyer & Ganz, 1976). 
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METHODS 
Subjects 
Experiment 1. Three naive observers (DR, JB, LM) and 
one of the authors (SS) served as subjects. The naive 
observers were in their mid-twenties and SS in his late 
thirties. All subjects demonstrated normal color matching 
on a Nagel I anomaloscope and were free of overt ocular 
disease. 
Experiments 2 and 3. The authors, SS and LG, 
participated in these experiments. LG, who was in her 
mid-twenties, manifested normal color vision and 
unremarkable ocular health. 
Apparatus and general stimulus conditions 
A two-channel Maxwellian view system was used to 
present increment stimuli. Tungsten:halogen bulbs 
(12 V) served as light sources for each channel. The 
filaments of these bulbs were imaged entirely within the 
subject's pupil; an artificial pupil was not used: For all 
three experiments, the background and stimulus were 
5 deg in diameter and spatially coincident (Schwartz & 
Loop, 1982; Foster & Snelgar, 1983). A dental bite firmly 
attached to the apparatus was used to maintain head 
position. 
Neutral density filters located in the background 
channel and a counterbalanced circular neutral density 
wedge in the stimulus channel were used to control 
background and stimulus light levels. The retinal 
illumination provided by the background was about 
1300 td in Experiment 1 and 1082 td in Experiments 2
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FIGURE 1. Temporal relationship between the mask and increment stimulus. For forward masking (A), the 
SOA was defined as the time interval between the mask offset and the stimulus onset. For backward masking 
(B), the SOA was defined as the interval between stimulus offset and mask onset. The subject initiated a trial 
by depressing a telegraph key. In all experiments, the increment was presented 400 msec thereafter. 
and 3 (Nygaard & Frumkes, 1982). The background 
had a color temp~ature of c. 3300 K (manufacturer's 
specifications). 
A monoehromator was used to control the chromatic 
properties of the stimulus. The monochromator was 
calibrated in the apparatus by positioning a Tektronix 
irradianee probe (J6502) at the point where light emerged 
from the monochromator. Resulting measurements were 
converted to log relative quantal units. The subsequent 
loss of light due to lenses and mirrors, which remained 
fixed for the duration of the experiment, was ignored. 
A normally dosed electronic shutter (Vincent Associ- 
ates), interfacod with solid state programming modules 
(Coulbouru Electronics), was used to present increment 
stimuli. The temporal presentation of the increments was 
step onset and offset. A stimulus duration of 10 msec was 
used to study the achromatic System and a duration of 
200 msec was used to.study th~ chromatic system (King- 
Smith & Carden, 1976). ,Shbjects wore headphones 
playing white, noise to mask sounds from this shutter. 
The mask was presented with a normally open 
electronic shutter (Vincent Associates) positioned be- 
tween the final lens of the optical system andthe subject's 
eye. This "final shutter" subtended an angle of 10.5 deg 
at the plane of the subject's pupil. Closure' of the final 
shutter for a duration of 1500 msec (Experiment 1) or 
50 msec (Experiments 2 and 3) produced the mask; 
consequently, the mask was an abrupt disappearance of
the background field. 
Stimulus conditions and procedures 
Experiment 1. A complete increment spectral sensitiv- 
ity curve was determined uring a single session. The 
method of adjustment was used for threshold etermina- 
tion; a minimum of three measurements were made at 
each wavelength before moving on to the next wave- 
length. The sequence of wavelength presentation was 
from the shortest wavelength (420 nm) to the longest 
wavelength (660 nm) in 20 nm steps. To initiate a trial, 
the subject depressed a telegraph key; the increment was 
presented 400 msec thereafter. 
For each subject, spectral sensitivity curves were 
elicited for the following conditions: 
1. isolated 10 msec increments; 
2. 10 msec increments followed by the mask; 
3. isolated 200 msec increments; and 
4. 200 msec increments followed by the mask. 
The mask was a 1500 msec luminance decrement that 
occurred 40 msec following the offset of the increment 
stimulus. 
Experiment 2. The increment duration remained at 
either 10 or 200 msec, while the mask duration was 
reduced to 50 msec. The mask was presented in either a 
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FIGURE 2. Spectral sensitivity, in relative quantal units, for isolated I0 msec ino~ements (solid curves) and for I0 msec increments followed by a 
luminance mask (SOA = +40 msec, mask duration = 1500 msec). The data have not been scaled. Error bars in this and following figures represent 
the standard eviations (SDs). 
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FIGURE 3. Spectral sensitivity, in relative quantal units, for isolated 200 msec increments ( olid curve) and for 200 msec increments followed by 
a luminance mask (SOA = +40 msec, mask duration = 1500 msec). The data have not been scaled. 
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FIGURE 4. Spectral sensitivity, in relative quantal units, for isolated 10 msec increments (solid curves), 10 msec increments followed by a 
luminance mask (SOA = +50 msec, mask duration = 50 msec; dashed curves), and 10 msec increments preceded by a mask (SOA = -50  reset, 
mask duration = 50 msec; dotted curves). The data have not been scaled. To avoid clutter, SDs are not plotted. The average SD for LG was 0.06 
and for SS was 0.04. 
forward or backward masking mode (Fig. 1). When 
presented as a forward mask, it terminated 50 msec prior 
to the onset of the increment. When presented in a 
backward mode, it was initiated 50 msec following the 
offset of the increment stimulus. 
The procedure was similar to that for Experiment 1. In 
a session, a complete spectral sensitivity curve was 
obtained for either the unmasked, backward masked, or 
forward masked condition. 
Experiment 3. The stimulus was a 580 nm increment 
with a duration of 10 msec. This wavelength was selected 
because it apparently maximizes isolation of the achro- 
matic system (King-Smith & Carden, 1976; Schwartz & 
Loop, 1982; Calkins et al., 1992; Schwartz, 1995).The 
mask was a 50 msec luminance decrement (same as for 
Experiment 2) presented atvarious intervals preceding or 
following the stimulus. The aim was to determine if the 
masking is best characterized as a type A or type B effect. 
By convention, a negative stimulus onset asynchrony 
(SOA) results when the mask precedes the stimulus 
(forward masking), and a positive SOA occurs when the 
mask follows the stimulus (backward masking). The 
magnitude of a negative SOA was defined as the time 
interval between the offset of the mask and the onset of 
the stimulus (Fig. 1). Likewise, the magnitude of a 
positive SOA was defined as the time interval between 
the offset of the stimulus and the onset of the mask. 
In a single session, thresholds were determined for a 
complete set of positive and negative SOAs. At the 
beginning of a session, athreshold was determined for the 
unmasked 10 msec increment. Thresholds were then 
determined for the backward masking condition. The 
SOAs were +200, +150, +100, +75, +50, +25, and 
+10 rnsec; the sequence was from long to short SOAs. 
Next, the threshold for the unmasked 10 msec increment 
was re-determined; this allowed us to monitor drifts in 
sensitivity that could occur during the course of the 
session. Finally, thresholds were determined for the 
forward masking condition. The SOAs were -200, 
-150, -100, -75, -50, -25, and -10msec; the 
sequence was from long to short absolute SOAs. 
The method of adjustment was used for threshold 
determination. A minimum of three measurements were 
made at each SOA before moving to the next longest 
SOA. 
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FIGURE 5. Spectral sensitivity, in relative quantal units, for isolated 200 msec increments ( olid curves), 200 msec increments followed by a 
luminance mask (SOA = +50 msec, mask duration =50 msec; dashed curves), and 200 msec increments preceded by a mask (SOA = -50 msec, 
mask duration =50 msec; dotted curves). The data have not been scaled. The average SD for LG was 0.05 and for SS was 0.04. 
RESULTS 
Experiment 1 
Figure 2 displays spectral sensitivity functions ob- 
tained with isolated 10 msec increments (solid curve) 
and 10 msec increments followed by a mask (dura- 
tion = 1500 msec, SOA = +40 msec; dashed curve). The 
isolated 10 msec increments reveal a spectral sensitivity 
function with a broad peak at 540-560 nm and a 
secondary peak (or shoulder for subject LM) at about 
420-460 nm. 
The presence of the mask dramatically alters the form 
of the resultant spectral sensitivity function. The broad 
peak is replaced by a color-opponent function with 
narrow peaks at 520 and 620 nm. In addition, the masked 
condition shows a substantial reduction in sensitivity, 
relative to the unmasked condition, for mid-spectral 
stimuli. Reductions in sensitivity, however, are not as 
apparent for the longest wavelength stimuli. Curiously, 
all subjects show increased sensitivity for the shortest 
wavelengths. 
Increments of 200msec duration elicit a color- 
opponent function (Fig. 3). A color-opponent function 
of reduced sensitivity resulted when these increments 
were followed by the 1500 msec mask. 
Experiment 2 
Figure 4 shows spectral sensitivity functions elicited 
by isolated 10 msec increments (solid curves), 10 msec 
increments followed by the mask (SOA= +50 msec, 
dashed curves), and 10 msec increments preceded by 
the mask (SOA =-50  msec, dotted curves). First, con- 
sider the backward masking data. Although the mask had 
a shorter duration than for Experiment 1 (50vs 
1500msec), a similar backward masking effect is 
demonstrated: there is a reduction in sensitivity for 
mid-spectral stimuli, and the broad mid-spectral peak is 
replaced by a color-opponent function with narrow peaks 
at 520 and 620nm. SS also shows reductions in 
sensitivity in the short and long wavelength regions of 
the spectrum. These reductions in sensitivity, however, 
are less than found for mid-spectral increments. 
For the 10 msec increments, the forward mask elicited 
an effect similar to the backward mask. Note, however, 
that the forward mask resulted in a more substantial nd 
more generalized reduction in sensitivity than the back- 
ward mask. 
Figure 5 displays the effect of the backward and 
forward masks on the sensitivity to 200 msec increments. 
The masks do not alter the color-opponent ature of the 
resultant functions. However, there are reductions in 
sensitivity, especially for SS with a forward mask. 
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Experiment 3 
Figure 6 shows thresholds for the detection of a 
10 msec increment of 580 nm as the SOA was varied 
from -200 to +200 msec. For both the forward and 
backward masking conditions, the mask is most effective 
at elevating the threshold at the shortest absolute SOAs. 
Also note that both subjects manifest an asymmetric 
function: for a given SOA, the forward mask is more 
effective than the backward mask. 
DISCUSSION 
The data obtained in Experiments 1 and 2 demonstrate 
that a luminance decrement, presented ineither a forward 
or backward masking mode, reduces sensitivity for 
detection of mid-spectral 10 msec increments. This effect 
is most apparent at about 580 nm, a wavelength that is 
probably detected by a noncolor opponent system (King- 
Smith & Carden, 1976; Schwartz & Loop, 1982; Calkins 
et al., 1992; Schwartz, 1995). The effect at 580 nm is 
stronger when the mask precedes the stimulus than when 
it follows it, a result that has been previously reported 
using white stimuli (Crawford, 1947). 
In addition to a reduction in sensitivity, there is a 
change in the form of the resultant spectral sensitivity 
function. Whereas isolated 10 msec increments elicit a 
function with a broad mid-spectral peak, the presence of a 
forward or backward mask causes this broad peak to be 
replaced by a color-opponent function which shows 
peaks at 520 and 620 nm, separated by a notch at 580 nm. 
The mid-spectral locus of the unmasked 10 msec 
function may represent he sensitivity of a largely 
noncotor opponent, achromatic mechanism (King-Smith 
& Carden, 1976). The physiological basis of this 
mechanism is presumably the magnocellular (MC) 
pathway (He & Loop, 1990; Merigan & Mannsell, 
1990; Kuyk & Fuhr, 1993; Schwartz, 1993, 1994). 
Acceptance of this model eads to the conclusion that the 
luminance mask suppresses the noncolor opponent MC 
pathway; this allows sensitivity to be determined by the 
color-opponent parvocellular (PC) pathway (DeMonas- 
tedo & Gouras, 1975; Dreher et aL, 1976; Schiller & 
Malpeli, 1978; Crook et aL, 1987; Merigan, 1989; 
Schiller et aL, 1990). Consistent with this interpretation 
is the finding that the mask is least effective (or may even 
cause a facilitation) in those regions of the spectrum 
where the unmasked increments are unambiguously 
detected by' the chromatic system; this is the case in the 
short and long wavelength regions of the spectrum (King- 
Smith & Carden, 1976). 
The notion that the masking effect is selective for the 
achromatic system is supported by the data presented in
Figs 3 and 5, which show the effect of masks on color- 
opponent sensitivity as elicited with 200 msec incre- 
ments. While both the backward and forward masks 
produce reductions in sensitivity, these effects are less 
1558 s.H. SCHWARTZ and L. D. GODWIN 
profound than the reductions in achromatic sensitivity 
found with 10 msec increments (for the mid-spectral 
locus). 
Masking of the color-opponent system can also be seen 
in the stronger effect produced with a forward mask than 
a backward mask for 10 msec increments (Fig. 4). If there 
were no masking of the color-opponent system, we would 
expect he forward and backward masks to result in color- 
opponent functions of equal sensitivity. Reductions in 
color-opponent sensitivity suggest that although the 
luminance decrement mask may be selective for the 
achromatic system, this selectivity is relative: the mask 
affects both systems, but affects the achromatic system to 
a greater extent. Whether the masking of the color- 
opponent system is mediated by the MC pathway, or 
through an achromatic signal in the PC pathway ("double 
duty" hypothesis), is not clear (Wiesel & Hubel, 1966; 
Ingling & Martinez-Uriegas, 1983; Derrington et aI., 
1984; DeYoe & Van Essen, 1988; Merigan & Maunsell, 
1993). 
It is curious that the mask, under certain circumstances 
(e.g. Fig. 2), appears to cause facilitation of detection of 
blue increments. Since the testing was always done in the 
same sequence (from short to long wavelengths), we can 
not rule out the possibility that this effect is due to 
sensitivity drifts. 
The data in Fig. 6 show that for 580 nm, the masking is 
a type A backward masking phenomenon; there is a 
more-or-less monotonic increase in threshold as the 
absolute SOA decreases (Kolers, 1962; Schiller & Smith, 
1965; Kahneman, 1968; Breitmeyer & Ganz, 1976; 
Breitmeyer, 1984). This suggests that the 580nm 
increment is detected by the same pathway that mediates 
the masking effect, presumably the fast MC pathway 
(Maunsell & Gibson, 1992; Schwartz, 1992; Nowak et 
al., 1995). If the 580 nm increment were detected by the 
slower PC pathway, and the masking mediated by the 
faster MC pathway, one would expect a type B masking 
function: the effectiveness of the backward mask would 
increase with the SOA up to a critical interval (i.e. the 
threshold would increase), then decrease. 
The origins of the mid-spectral region of the unmasked 
10 msec function are controversial (Finkelstein & Hood, 
1982, 1984; Hood & Finkelstein, 1983). There are data 
suggesting that 10 msec increments do not isolate a 
noncolor opponent system. These data point to the 
possibility that 10 msec increments may isolate the center 
mechanism of color-opponent eurons or, alternatively, 
elicit an addition of center and surround responses of 
color-opponent neurons. If either of these models is 
correct, the mask somehow makes explicit the color- 
opponent nature of the pathway that detects 10 msec 
increments. The mechanism whereby this would occur is 
not elucidated by the data presented in this paper. 
With regard to possible masking of the MC pathway by 
a luminance decrement, it is of interest to relate the 
effects reported herein to reductions in achromatic 
sensitivity that have been found during saccadic eye 
movements (Burr et al., 1994; Uchikawa & Sato, 1995). 
Uchikawa and Sato (1995) found that during saccadic eye 
movements, ensitivity to 10 msec increments i reduced 
in a manner very similar to that produced by a luminance 
mask: the mid-spectral peak is replaced by a color- 
opponent mechanism of a lower sensitivity. These 
investigators concluded that central inhibition of the 
MC pathway, which is caused by saccades, reduces 
achromatic sensitivity. 
Although Uchikawa and Sato (1995) almost eliminated 
masking effects produced by saccadic eye movements, 
our data point to the possibility that masking may play a 
role in the reduction in sensitivity to 10 msec increments 
that occurs during (and shortly after) a saccade. That 
masking has a role in saccadic suppression has long been 
suspected (Matin et al., 1972; Matin, 1974; Breitmeyer &
Ganz, 1976; Ciuffreda & Tannen, 1995). Our finding that 
a forward mask is more effective than a backward mask is 
consistent with a masking induced mechanism for 
saccadic suppression. 
In summary, a luminance decrement mask reduces 
sensitivity to mid-spectral 10msec increments and 
transforms the resultant spectral sensitivity function to 
a color-opponent function. This effect is found when the 
mask either precedes or follows the increment, but is 
more robust when the mask precedes the increment. 
These findings, viewed in light of recent increment 
threshold work on saccadic suppression, suggest that 
saccadic suppression may reflect, at least in part, a 
masking of the MC pathway. The extent to which 
masking, rather than central inhibition, is a factor in 
saccadic suppression awaits further investigation. 
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